Abstract-The photoluminescence and photoluminescence excitation spectra for Zn 1 -x Mn x O nanocrystals are presented. After annealing of powders in air, the intensity of the bands attributable to manganese decreases noticeably. This suggests that the oxygen vacancies affect the Zhang-Rice like states appearing due to strong d-p hybridization, which is confirmed by an increase in the band gap of Zn 1 -x Mn x O for low x. The origin of the 2.9 eV peak and the shape of its excitation spectrum are discussed qualitatively. For Zn 1 -x Mn x O nanocrystals, the shape of the excitation spectrum is as unusual as the intense absorption in the range (2.2-3.0) eV.
Zn 1 -x Mn x O semiconductor crystals attract great attention due to the potentiality for creating optoelec tronic devices based on a semiconductor with ferro magnetic ordering with a Curie temperature T C above the room one. In recent years, interest in nanomateri als, including those based on Zn 1 -x Mn x O, has increased. As a rule, oxide compounds are produced in the form of nanocrystals with a large number of defects (e.g., oxygen vacancies). Analysis of experimental results shows that the oxygen vacancies can play an important role in the formation of magnetic ordering in oxide semiconductors with impurities of 3d ele ments ZnO:Cr [1] and TiO 2 :Co [2] as well as in undoped ZnO [3] . Thus, it seems important to inves tigate ZnO and Zn 1 -x Mn x O nanopowders with sub lattice oxygen vacancies by optical methods.
Recently, a 2.9 eV photoluminescence (PL) peak was detected for Zn 0.99 Mn 0.01 O nanopowders pro duced by the gas phase synthesis method [4] . The excitation spectrum of this emission exhibits three wide peaks in the region of interband transitions at energies of 3.9, 4.5, and 5.3 eV. In this paper, we inves tigate the Zn 0.99 Mn 0.01 O system to understand why the 2.9 eV peak appears in the PL spectrum and the well studied ZnMnS system for comparison. Our results suggest that a series of states the optical transitions between which and the ground state of the crystal pro duce both the 2.9 eV peak in the PL spectrum and the features in the excitation spectrum of this emission at energies of 3.9, 4.5, and 5.3 eV in the region of inter band transitions emerge in the Zn 1 -x Mn x O semicon ductor compound.
Zn 0.99 Mn 0.01 O nanopowders with a crystal size of 30 nm were produced by the gas phase synthesis method [5] and were annealed in air at a temperature of 400°C for an hour. The samples for our measure ments were produced by tablet pressing at a pressure of 0.5 GPa. The Zn 1 -x Mn x O (x = 0.0016) single crystals were annealed in air at a temperature of 700°C for 20 hours. The manganese concentration in the nanop owders before and after annealing was measured by inductively coupled plasma mass spectroscopy. The PL and PL excitation (PLE) spectra were measured in the range (2⎯5.5) eV using two double DMP 4 prism monochromators (a reciprocal linear dispersion of 10 Å mm -1 near 5 eV), an R6358 10 (Hamamatsu) photomultiplier tube, and a photon counting system. A deuterium DDS 400 lamp was used for excitation. The PLE spectra were normalized to the same number of photons incident on the sample using yellow phos phor, which has an energy independent PL quantum yield in the investigated energy range. The PL spectra are presented without any normalization to the spec tral sensitivity of the optical section. Figure 1 presents the PL and PLE spectra for Zn 0.99 Mn 0.01 O nanopowders before and after anneal ing. In both cases, the PL spectra exhibit low energy peaks with 2.10 and 2.34 eV maxima and a high energy peak with a 2.9 eV maximum. The low energy peaks are attributable to deep defects in the crystals that passed thermal treatment in an oxygen atmo sphere [6] . We believe that the number of oxygen vacancies decreased as a result of annealing in air. The weakening of the 2.9 eV peak, which is pronounced in Fig. 1a (curves 2 and 3 An increase in the intensity with distinct peaks V 1 , V 2 , and V 3 at energies of 3.9, 4.5, and 5.3 eV is observed in the excitation spectrum of the 2.9 eV peak for an unannealed powder [4] . After annealing, the PL yield decreases, but the increase in the intensity of the PLE spectrum with increasing photon energy is pro nounced. Figure 2 presents the PL and PLE spectra for a ZnO:Mn single crystal before and after annealing in air. The peak in the PL spectrum with an energy of 2.9 eV after annealing decreases noticeably, while the PLE spectrum has a maximum near 4 eV and retains a clear tendency to increase near 5 eV.
For comparison, we provide the PL and PLE spec tra for a Zn 0.995 Mn 0.005 S single crystal (Fig. 3 E) and a maxi mum near E g and a gradual decrease in the intensity at បω > E g are observed in the region of interband transi tions. A similar decrease in the excitation intensity at បω > E g manifests itself for the 2.10 eV emission peak in Zn 0.99 Mn 0.01 O nanopowders [4] attributable to the transitions via deep states (these spectra are also pre sented in Fig. 1b for comparison) .
We see that the excitation spectrum of the 2.9 eV emission for Zn 0.99 Mn 0.01 O nanopowders differs sig nificantly both from the excitation spectrum of the 2.10 eV emission for the same Zn 0.99 Mn 0.01 O nanopo wders via deep levels and from the excitation spectrum of the 2.12 eV emission for the Zn 0.995 Mn 0.005 S single crystal via intracenter Mn 2+ transitions ( 4 T 1 -6 A 1 ). In the latter cases, the PL level decreases at បω > E g , because the absorption coefficient increases in the region of fundamental absorption. As a result, the depth of the layer that absorbs the exciting photons decreases and charge carriers emerge on the surface, where nonradiative annihilation exceeds radiative recombination due to enhanced imperfection.
The increase in the intensity of the excitation spec trum with increasing បω in the region of interband transitions is quite unusual for semiconductor materi als. The cause of the increase in the intensity of the 2.9 eV peak for Zn 0.99 Mn 0.01 O at បω > E g is discussed below. However, on the other hand, there is a funda mental similarity in the behavior of the systems under consideration. It manifests itself in the fact that PL attributable to manganese and its excitation in Zn 0. 995 (Fig. 4) .
Strong hybridization of the 3d states of Mn 2+ and the 2p states of the ions of the immediate environment in Zn 1 -x Mn x O is attributable to a smaller cationanion separation in ZnO than that in ZnSe and ZnS. Dietl [7] put forward the idea that gallium nitride and zinc oxide doped with 3d impurities belong to the poorly studied class of dissolved magnetic semicon ductors with strong hybridization. An increase in the degree of hybridization leads to an antiferromagnetic p-d exchange interaction and hole localization on the ions of the close environment. A Zhang-Rice state introduced for the oxide superconductor La 2 CuO 4 [8] , which is characterized by hole localization on the Mn 2+ 4O 2-cluster [7] , emerges in the band gap of such compounds.
The existence of such a state was confirmed by cal culations in the LSDA+U model [9] . The holes can be produced through the electron transport from the bond closest to Mn 2+ into the conduction band. As a result, the hole is localized in the form of a ZhangRice like state and a wide band of intense absorption emerges. Thus, Dietl [7] explained the strong absorp tion in Zn 1 -x [10] . Thus, the absorption bands can serve as a way of detecting Zhang-Rice states. However, the Zhang-Rice like state in the PL spectrum does not manifest itself as a band shifted toward lower energies relative to the edge of the absorption band, like the PL band in Zn 1 ⎯ x Mn x Se and Zn 1 -x Mn x S due to the transition ( 4 T 1 -6 A 1 ). This is explained by a nonradiative transi tion whose mechanism is not yet clear [11] .
In [7] , the strong bonding condition is expressed as the ratio of the impurity potential U to the critical value of U c at which a bound state is formed, U/U c > 1. In this case, a bound Zhang-Rice like state emerges and a positive addition to the change in band gap E g (x) appears. If U/U c < 1, then the addition is negative and E g (x) decreases at low x, as is observed for Zn 1 ⎯ x Mn x Se [12] . In our experiment for nanopow ders, the energy lines of the free excitons coupled to the two upper inverted [6] valence subbands Γ 7 and Γ 9 and the exciton coupled to the third, lower valence subband Γ 7 shift upward by 7 and 12 meV, respectively, which clearly indicates that E g (x) increases. There fore, we can confidently consider the condition for strong bonding between the Mn 2+ spin and the hole on the nearest oxygen ions in Zn 1 -x Mn x O to be satis fied [7] .
Given the above reasoning, the bands V 1 -V 3 in the PLE spectrum of the 2.9 eV peak could be associated with the states that appear due to strong hybridization deep in the valence band. However, the decrease in the intensity of the 2.9 eV PL peak we revealed and the weakening of the excitation spectrum of this emission in Zn 1 -x Mn x O after annealing in air probably stem from the fact that the vacancies play a significant role in forming the 2.9 eV PL peak. It can be tentatively assumed that PL is also produced by the Mn 2+ 4O 2- cluster whose close environment includes an oxygen vacancy, for example, in the second oxygen coordina tion sphere. In this case, strong hybridization of the d states with the p states of the nearest O 2+ ions will also take place and this gives us grounds to believe that the energy of the Zhang-Rice like state will most likely be different. The shallow state through which the emis sion with the 2.9 eV peak occurs is "pushed out" into the band gap, i.e., the vacancy somehow activates radiative recombination via the state that appears due to strong d-p hybridization. The wide bands of dis torted states appear due to the same hybridization in the valence band. It seems natural that there exists a commonality between the hybridization distorted states of the valence band and the Zhang-Rice like state pushed out into the band gap, because both are formed in the region of the crystal around the Mn 2+ ions. This manifests itself in the PLE spectrum as the bands V 1 , V 2 , and V 3 at energies of 3.9, 4.5, and 5.3 eV. It is these states that are shown in Fig. 4 . The rise in the excitation spectrum of the 2.9 eV peak can be under stood as follows. The hole appearing at បω > E g rapidly loses its energy, moving over the energy states in spa tially bounded regions around the Mn 2+ ions and falls into a localized Zhang-Rice like state, with the immediate environment of Mn 2+ being charged posi tively. Therefore, the electron falls to a hydrogen like orbit and recombines radiatively with a higher proba bility than that of nonradiative annihilation in the sur face layers. The number of such radiative recombina tions is determined by the density of the hybridization distorted states. Thus, we obtain a method for investi gating these states deep in the valence band. Note that the bands V 1 , V 2 , and V 3 manifest themselves in a very weak form on the descent of the excitation spectrum of the 2.1 eV peak in Zn 1 -x Mn x O nanopowders (Fig. 1b,  curve 2 ). This is possible if the deep impurity center through which the 2.1 eV emission occurs is located near Mn 2+ .
Thus, we found that the intensities of the 2.9 eV peak in the PL spectrum and the 3.9, 4.5, and 5.3 eV peaks in the excitation spectrum of the 2.9 eV emis sion for Zn 1 -x Mn x O nanocrystals [4] decrease with reducing number of oxygen vacancies. This provides further evidence for an important role of the oxygen vacancies in forming the properties of oxide materials. We provided qualitative considerations that the 2.9 eV peak in the PL spectrum and the bands V 1 , V 2 , and V 3 in the excitation spectrum of the 2.9 eV emission result from strong hybridization in the Zn 1 -x Mn x O system [7, 9] . Strong hybridization in Zn 1 -x Mn x O is confirmed by an increase in the band gap for low val ues of x. On the whole, the origin of the 2.9 eV peak and notably the shape of its excitation spectrum are as unexpected for Zn 1 -x Mn x O as the intense absorption in the range (2.2-3) eV and require further studies. A 1 transitions form ing the 2.12 eV luminescence band and the transitions to higher intracenter states that form the peaks in the PLE spectrum are shown. Right: the diagram of localized states for a Zn 1 -x Mn x O compound; the transitions forming the 2.9 eV PL peak (ZR) and peaks V 2 and V 3 in the PLE spec trum are shown.
